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Abstract

In order to investigate the actual health condition of asphalt concrete pavements on widened road embankments, a full-
scale model test study was conducted. A fiber Bragg grating—based sensor network was developed to monitor the strain
distributions within the pavement structure, which was subjected to differential settlements. An improved packaging and
installation method of the quasi-distributed sensor system was utilized, which not only ensured a high sensor survival
rate but also achieved accurate measurement of axial strains in longitudinal and transverse directions. Based on the mon-
itoring results, the strain characteristics of the pavement structure under different settlements were analyzed in detail. It
is found that in general, the top layer of the asphalt pavement structure was subject to tension stress due to the differen-
tial settlement of the embankment. Plastic deformation of the pavement was observed when the differential settlement
increased to 22 cm. The base layer of the pavement had the most significant response in comparison with the top and
middle layers. The geogrid reinforcement in the embankment had a positive effect to alleviate the tension stress in the
pavement. This experimental study also indicates the capability of fiber optic sensor networks to monitor the perfor-
mance of pavements with a high degree of accuracy.
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Introduction understanding of the response and performance of the
pavement structure due to differential settlement within
the widened embankment.> However, due to the con-
straint of testing and measurement techniques, the fail-
ure mechanism of pavement of widened road is mainly
investigated through small-scale model testing or
numerical analysis.'=*

For pavement structures, geotechnical instrumenta-
tion plays an important role in assessing their

With the development of highway transportation,
widening or reconstruction of road embankments has
been encountered all over the world. The consolidation
settlements of old embankments have been completed
after several years’ operation. When widening of
embankment is conducted, the weight of the fill materi-
als will cause additional stresses within the embank-
ment, resulting in new settlements. The differential
settlement between the existing and the new embank- |
ments may induce unacceptable stresses and deteriorate Key Laboratory for Special Area Highway Engineering of Ministry of
. .- Education, Chang’an University, Xi’an, China

the working condition of the pavement structure. For i S N N .
. . . . School of Earth Sciences and Engineering, Nanjing University, Nanjing,
instance, longitudinal cracks of the pavement, which  china
are induced by excessive deformation of the embank-  3School of Highway, Chang’an University, Xi'an, China
ment, are frequently noticed in widened roads.! The
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Dc from shm. com at PENNSYLVANIA STATE UNIV on September 12, 2016



http://shm.sagepub.com/
http://shm.sagepub.com/
http://shm.sagepub.com/
http://shm.sagepub.com/
http://shm.sagepub.com/
http://shm.sagepub.com/
http://shm.sagepub.com/

Weng et al.

47

performance. The electric resistance strain gauges,
earth pressure cells, soil moisture cells, and acceler-
ometers are commonly utilized for this purpose.®!?
But these conventional geotechnical instruments are
based on point measurement and can only get informa-
tion from discrete locations on the pavement. The
long-term performance of electrical type sensors is sus-
pect because the monitoring data are easily influenced
by electrical-magnetic interference (EMI).
Furthermore, there are some technical problems
encountered during the installation of these sensors.'?
To evaluate the overall performance of pavement struc-
tures, a reliable, accurate, and cost-effective distributed
sensor network that can get information from multiple
points is utterly required.

In the past decade, a series of fiber optic sensing
technologies have been developed and applied to health
monitoring of various geotechnical-related structures,
such as foundations,'® tunnels,'*! caverns,'® pipe-
lines,'” and slopes.'® 2! These technologies have shown
unique advantages over conventional monitoring meth-
ods, including tiny size, high sensitivity, immunity to
EMI, good durability, and the ability of multiplexing.
The carly-stage study on the feasibility of fiber optic
sensing in pavement monitoring was introduced by
Tang et al.**> Wang et al.>* and Wang and Tang** devel-
oped a high-resolution temperature and strain sensor
using fiber Bragg grating (FBG) technology and a sim-
ple and low-cost long-period grating (LPG) sensor for
measuring the water level in pavement structures. In the
research of Dore et al.,”> the Fabry—Perot (F-P)-based
fiber optic strain sensors were applied to monitor small
strains of existing pavements. Galal et al.> utilized the
FBG technology to measure the long-term strain of a
pavement under traffic loading during and after con-
struction. Weng and Wang®’ reported the monitoring
results of a physical model test of pavement instrumen-
ted by horizontally embedded FBG strain sensors. The
response of the pavement due to differential settlement
of embankment was presented and analyzed. Recently,
Zhou et al.?® utilized the same technology to perform in
situ three-dimensional health monitoring of a pavement
structure. A number of difficulties have been encoun-
tered because Young’s moduli of fiber optic sensors are
different from those of asphalt concrete pavements. It is
shown that there are certain discrepancy between field
measurement data of strain distribution and theoretical
results.

The primary aim of this study is to characterize the
strains of a pavement structure induced by differential
settlements of a road embankment after widening. A
full-scale model test has been conducted to evaluate the
performance of the asphalt concrete pavement. During
testing, differential settlements were applied using
hydraulic jacks. An FBG-based fiber optic sensor

network was developed and employed to monitor the
two-dimensional (2D) strain fields of three layers in the
pavement structure. The strain distributions of the
pavement are studied in detail.

FBG-based strain sensor network

The measurement of strains at critical locations in
pavement structures is essential for developing and vali-
dating pavement theoretical models, based on which
rational design and analysis methods of pavements can
be obtained. In this study, an FBG-based sensor net-
work was constructed to monitor the strain distribution
of the pavement.

The sensing functioning of FBG was first discovered
on the formation of photo-generated gratings in germa-
nosilicate optical fiber by Hill et al.>” The Bragg grating
is written into a segment of single-mode fiber, in which
a periodic modulation of refractive index in the core of
the optical fiber is formed by exposure to a spatial pat-
tern of ultraviolet (UV) light. Figure 1 illustrates the
working principle of an FBG sensor. According to
Bragg’s law, when a broadband source of light interacts
with the Bragg grating, a narrow spectral part of light
at a certain wavelength is reflected*

/\B :2neffA (1)

where Ap is called the Bragg wavelength, typically
1510-1590 nm (1 nm = 1077 m), . is the effective
refractive index, and A is the period of the index
modulation.

Through physical or thermal elongation of the sen-
sor segment and through the change in the refractive
index of the fiber due to photo-elastic and thermo-optic
effect, the Bragg wavelength of an FBG sensor will vary
linearly with applied strain or temperature. Considering
a standard single-mode silica fiber with the applied
strain A¢ and temperature AT, this relationship is given
by Kersey et al.*!

g =ce+crAT (2)
ABo
where A g is the original Bragg wavelength under strain
free and 0°C condition, AAp is the variation in Bragg
wavelength due to the applied strain and temperature,
and ¢, and cr are the calibration coefficients of strain
and temperature. The typical strain and temperature
accuracy of a bare FBG sensor are 1 pe and 0.1°C,
respectively.

As the FBG sensor is sensitive to both strain and tem-
perature, it is a key problem to separate the effect of
temperature from the strain monitoring data in data
analysis.*® This temperature compensation problem can
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Figure |. Working principle of an FBG sensor: (a) structure of
an FBG sensor and (b) strain and temperature sensing of an FBG
sensor.

FBG: fiber Bragg grating.

be achieved by adding an additional FBG sensor or a
conventional temperature sensor to the same tempera-
ture field. Once the temperature variation A7 is mea-
sured, the mechanical strain can be corrected as follows

A= L (% - cTAT) 3)

Ce B

The advantages of FBG sensors over conventional
sensors are shown in Table 1. The FBG sensor can be
multiplexed in parallel or in series. Using the technolo-
gies of wavelength division multiplexing (WDM) and
time division multiplexing (TDM), a number of FBG
sensors can form a quasi-distributed sensing array along
a single optical fiber, as shown in Figure 2. A sensor net-
work consisting of FBG sensors and interrogators can
be easily constructed using a simple configuration.

Model test to study pavement behavior
after widening of embankment

Embankment and pavement subsidence simulation
system

The settlement of a road embankment occurs rapidly
during construction and shortly after the construction

Table |I. Comparison of features of the conventional sensor
and the FBG sensor.

Content Conventional FBG sensor
sensor

Type Point sensor Quasi-distributed

sensor

Requirement of Yes No

moisture proof

Data transmission <100 m <10 km

distance

Data collection Manual in Automatic
most cases

Long-term stability Poor Good

Price/performance ratio Poor Good

FBG: fiber Bragg grating.

Figure 2. Schematic illustration of the difference between
conventional and FBG sensors: (a) point measurement sensors
and (b) quasi-distributed FBG sensor network.

stage. Subsequently, the consolidation settlement rate
of the embankment decreases gradually under its self-
weight. Most of the consolidation settlement has been
completed when the highway has been opened for a
period of time, for example, 1 or 2 years. Therefore, the
differential settlement due to the widening of road
embankment dominates the overall deformation of
road embankment.
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Figure 3. Photograph of the embankment and pavement
subsidence simulation system: (a) close-up view of the test rig
panels and (b) close-up view of the hydraulic jacks.

To study the pavement behavior after the widening
of embankment, a model test was conducted using the
large-scale embankment and pavement subsidence simu-
lation system in Chang’an University, China, as shown
in Figure 3. This test system includes the following
parts: (a) ground support and lifting subsystem, (b)
measurement subsystem, and (c) servo-load controlling
subsystem. There are 230 pieces of equilateral triangle
panels in the ground support subsystem. At the vertex
of six adjacent panels, there is a self-lock hydraulic jack
with a capacity of 100 ton and a load cell that is used to
measure its load. The block test rig panels are assembled
to form the ground surface. The translation and rota-
tion of the test rig panels can be controlled freely, and
thus, different types of settlement pattern and settlement
rate of embankment can be approximately simulated.

Model test of the widened embankment

In the model test of the widened embankment, at the
centerline of the old embankment, a rigid reinforced
concrete wall was set as the left boundary as this is a
symmetrical problem. The old pavement that had a

half-width of 6 m was designed to be widened to 10 m,
as shown in Figure 4. The longitudinal length of the
embankment was 10 m. To evaluate the contribution
of geogrids embedded in the embankment to enhancing
the performance of the pavement, half of the embank-
ment was reinforced by two layers of geogrids. One
layer was placed under the very bottom of the model
embankment and the other was under the lime-
stabilized layer. The dimensions of the geogrids are
shown in Figure 5.

By adjusting the vertical lifting displacements of
hydraulic jacks at different locations, predefined differ-
ential settlements of the widened embankment were
applied. According to typical settlement characteristics
of widened embankments,' it is assumed that the maxi-
mum settlement S, occurs at the road shoulder of the
widened road and the minimum settlement S; occurs at
the centerline of the old road embankment. The differ-
ential settlements between the old and new embank-
ments are defined as S = S, — S|. In this experimental
study, S increased from 2 to 22 cm in stages (see Figure
6), so that the effect of the differential settlement on the
pavement response can be investigated.

The subgrade soil of the road embankment is loess
taken from a road construction site in Xi’an, China.
Table 2 presents the physical and mechanical properties
of the soil. According to the laboratory compaction
tests, the optimum moisture content w,,, of the soil is
13.2%. To simulate the difference of stiffness between
the old and new embankments, the fill material of the
old embankment was mixed with lime with a weight
ratio of 4%. The moisture content and density were
strictly controlled during the construction process of
the embankment, which is essential for attaining a uni-
formly dense and stable embankment. The soils were
placed at a moisture content within =1% of the opti-
mum and a relative density of over 98% was achieved
after compaction. After the construction stage, the
average moisture content and the dry density of the soil
were measured to be 13.3% and 1.90 g/em?,
respectively.

A 54-cm-thick layer of semi-rigid cement-stabilized
crushed-stone base course was placed on the embank-
ment, as shown in Figure 4. The cement-stabilized
crushed-stone base materials with weight ratios of 4%,
5%, and 6% were mixed manually and compacted in
three 18-cm-thick sub-layers using a 12-ton road roller.
The average unconfined compressive strength of the test
samples was measured to be 4.2 MPa, which is greater
than the minimum required strength of 4.0 MPa. A
series of standard compaction tests were conducted on
the cement-stabilized crushed-stone with the moisture
content of 4%, 5%, 6%, 7%, and 8%, respectively. The
maximum dry density and the optimum moisture con-
tent were 2.32 g/em® and 5.5%, respectively.
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Figure 5. Dimensions of the geogrids used in the embankment
(cm).

The asphalt concrete pavement also consisted of
three layers and their thicknesses, from top to bottom,
are 4, 6, and 12 cm, respectively. The asphalt concrete
pavement was made of AC-13 asphalt mixture. The
drill core sample test results show that the construction
had a degree of compaction over 95%, which met the
pavement construction specifications of China.

Instrumentation of the model pavement

The strains of the asphalt pavement in this full-scale
model test were monitored by an FBG sensor network.
However, the optical fiber itself is very thin and has
limited tension and shear resistance. During the con-
struction process, the sensor is very easy to damage or
break, which makes the installation quite difficult. It is
thus of great importance to develop a sensor protection
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Figure 6. Settlement profile applied on the road embankment.
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Figure 7. Layout of the FBG sensor network to measure the strains of the pavement (cm).

system to ensure not only the survival ratio of the FBG
sensors but also the reliability of observational data.
The three asphalt concrete layers were instrumented
with both longitudinal and transverse FBG strain sen-
sors, as shown in Figure 7. For each layer, there were
four transverse monitoring sections and five longitudi-
nal monitoring sections. A tube-packaged FBG tem-
perature sensor was embedded in the pavement for
temperature compensation. Using linear interpolation,

2D strain distributions of the pavement can be
obtained.

To install the fiber optic sensor network, a 5 mm
X 5 mm groove was prepared on every pavement layer
using a cutting machine. An air compressor was utilized
to clean the grooves by compressed air. Afterward, the
armored optical cables containing FBG sensors were
placed into the grooves. In order to make the FBG sen-
sors in close contact with the asphalt pavement, the
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(d)

Figure 8. Photographs of the installation of the fiber optic sensor network: (a) location of the sensor network, (b) preparation of
the groove, (c) embedded optical fiber cable, and (d) filling the grooves with asphalt.

Table 2. Physical and mechanical properties of the subgrade soil.

Moist density p (g/cm3) Void Water content Degree of Poisson’s Cohesion Friction angle
ratio e w (%) saturation S, (%) ratio v ¢ (kPa) o (°)
2.15 0.63 12.56 38.6 0.37 21.75 22.58

sensors were embedded by a mixture of hot asphalt and
gasoline. Laboratory trial tests show that after gasoline
evaporation, the mechanical properties of the remaining
asphalt were very close to the pavement material. This
method can guarantee that the observed strains were
real strains of the pavement. Figure 8 shows the close-
up view of the sensor installation procedure. Before dif-
ferential settlements were applied, the FBG signals were
checked and only two sensors in the longitudinal lines
were broken, which means that a sensor survival ratio
of 98.3% was achieved.

Test results and analysis

Figure 9 presents the variations in strain at the top
layer of the asphalt concrete pavement. It is found that

under the influence of differential settlement, the pave-
ment surface was subjected to tension loads in general.
With the increase of differential settlement, the trans-
verse strains increased gradually but remained at a low
level. When S reached 14 cm, the strains began to rise
sharply, indicating plastic response of the pavement
structure. This phenomenon shows that the differential
settlement induced large additional stresses in the pave-
ment, which is consistent with other studies.>®* When S
increased to 20-22 cm, the readings of all the FBG sen-
sors peaked. Eventually, a number of small cracks on
the pavement, mostly in the longitudinal direction,
were observed, as shown in Figure 10. These cracks
demonstrate that the transverse strains in the pavement
were accumulated to a high magnitude and localized
tension failure occurred.
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FBG: fiber Bragg grating.

—

Longitudinal direction

Figure 10. Observed cracks on the pavement after the test.

The longitudinal strains of the pavement are shown
in Figures 9(c) to (e). The top layer of the pavement
was in the state of compression due to the differential
settlement. Because longitudinal line 2 was close to the
joint zone of old and new embankments and influenced
by non-uniform deformation, its strains were larger
than those of the other two lines. The comparison of
transverse and longitudinal strains shows that the mag-
nitudes of strain in these two directions were quite dif-
ferent. This may result from the anisotropic boundary
conditions and the anisotropic behavior of the model

embankment. The uneven settlement of the new
embankment should also contribute to this
phenomenon.

Figure 11 shows the strains of the middle and base
layers. It is found that the relationships between strain
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and differential settlement were similar to those of the
top layer. Under the same settlement condition, the
strains of the base layer were the largest among all the
pavement layers.

The distributions of transverse strain of all the three
layers when the differential settlement reached 22 cm
are shown in Figure 12. Under the same magnitude of
differential settlement, the strain measurements of the
pavement layers on the geogrid reinforced embankment
were smaller than those on the embankment without
geogrids. This indicates that the geogrids can effectively
enhance the structural integrity of the pavement and
embankment system, which is consistent with the obser-
vations of Zhang et al.’

Conclusion

In this article, a preliminary attempt is introduced
to apply the FBG sensor network to evaluating the
performance of a pavement after embankment widen-
ing. The working principle, design, and installation
method are presented in detail. A full-scale model test
was conducted to study the response of pavements
under differential settlements, and the strain monitor-
ing results from the FBG sensors are analyzed. From
this experimental study, the following conclusions are
drawn:

1. The asphalt pavement structure after embankment
widening is subject to tension stresses in general,
which are induced by differential settlements of the
road embankment. The accumulated transverse
strains may result in tension cracks of the
pavement.

2. The strains of the base layer of the pavement are
considerably larger than those of the middle and
top layers.

3. The geogrid reinforcement can effectively enhance
the structural integrity of the pavement.

4. Tt is verified that the fiber optic sensor network is
able to monitor the strains of the pavement with a
high degree of accuracy.
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